S-RNase is the female determinant of gametophytic selfincompatibility in apple and is usually considered to be the reason for rejection of pollen. In this study, we investigated the role of microtubules (MTs) in internalization of S-RNases by pollen tubes cultured in vitro. The results showed that S-RNase was imported into the pollen tube where it inhibits pollen tube growth, and that S-RNase is co-localized with the Golgi vesicle during the internalization process. Moreover, MT depolymerization is observed following accumulation of S-RNases in the pollen cytosol. On the other hand, S-RNase was prevented from entering the pollen tube when the pollen was treated with the actin filament (AF) inhibitor latrunculin A (LatA), the MT inhibitor oryzalin, or the MT stabilizer taxol at subtoxic concentrations. These hindered the construction of the MT, with pollen tubes capable of growth under these conditions. Pollen tubes showed improved growth in selfpollinated styles that were pre-treated with taxol. This suggests that cytoskeleton antagonists can prevent SRNase-mediated inhibition of pollen tubes in vivo by blocking S-RNase internalization. These results suggest that an intact and dynamic cytoskeleton is required for the in vitro internalization of S-RNase, as shown by the effects of various cytoskeleton inhibitors. S-RNase internalization takes place via a membrane/cytoskeleton-based Golgi vesicle system, which can also affect self-incompatibility in apple.
Introduction
Self-incompatibility (SI) is a mechanism for recognition and discrimination of self and non-self gametes in flowering plants (de Nettancourt 2001) , and in most cases is controlled by a single highly polymorphic locus called the S-locus. The Slocus determines pollination specificity in both the pistil and pollen, and a complex cell to cell recognition and communication process is involved in the SI reaction (McClure 2010) . The growth of the pollen tube results in signal transduction and transportation of material between the tube and pistil, and also determines whether the pollen tube can grow into the ovary ). SI appears to have evolved multiple times as at least three distinct SI systems have been identified (Takayama and Isogai 2005, Franklin-Tong 2008) . Plants in Rosaceae, Solanaceae and Plantaginaceae share the same mechanism of SI known as S-RNase-mediated gametophytic selfincompatibility (GSI). This is controlled by the interactions of the female determinant S-RNase and the male determinant S-locus F-box (SLF/SFB) (Lai et al. 2002 , Sijacic et al. 2004 ), which defines self-pollen recognition and rejection in an S-specific manner (de Nettancourt 2001) .
The first S-RNase gene was identified in Nicotiana alata (Anderson et al. 1986 ). Gain-and loss-of-function experiments in Petunia inflata and N. alata indicated that the S-RNase response can regulate pistil specificity (Lee et al. 1994 , Murfett et al. 1994 . As a pistil S-determinant gene, S-RNase encodes a 20-30 kDa glycoprotein, which is initially produced in the transmitting cells of the style and then secreted into the extracellular space of the transmitting tract (Meng et al. 2011) . S-RNase has ribonuclease activity and most probably functions as a cytotoxin to degrade specifically RNAs of incompatible pollen tubes, terminating the growth of pollen tubes (McClure et al. 1990 ). The SCF complex ubiquitinates non-self S-RNase in the pollen tube, then the proteasome 26S degrades non-self S-RNases in the pollen tube (Zhang et al. 2009 ) which promotes the growth of compatible pollen tubes. A protein degradation model was developed to explain the breakdown of SI in non-self pollen upon the internalization of S-RNase by pollen tubes Kao 2006, Hua et al. 2008) . It has been reported that both self and non-self S-RNase were found inside pollen tubes after pollination, indicating that S-RNase can be imported by growing pollen tubes in a manner independent of the S-haplotype (Luu et al. 2000 , Goldraij et al. 2006 ). The compartmentalization model was another model to explain the S-RNase-based SI system. It predicts that the sequestration of all S-RNase molecules (both self and non-self) in a compatible (non-self) pollen tube, rather than the degradation of non-self S-RNases, allows the pollen tube to grow through the style for pollination, and that the disruption of the S-RNase-containing compartment in an incompatible (self) pollen tube releases both self and nonself S-RNases into the cytoplasm to result in growth inhibition of the self pollen tube (Goldraij et al. 2006 , McClure 2006 . However, the mechanism by which S-RNase enters the pollen tube is still unclear.
Polarized growth of pollen is a rapid cell growth process. Microtubules (MT) and actin filaments (AFs), which make up the pollen tube cytoskeleton, are essential components in the growth machinery (Cheung and Wu 2008) . MTs and AFs interact during pollen tube growth, probably along with transporting motor proteins (Gavin 1997, Karki and Holzbaum 1999) . The MT has been implicated in the assembly of the AF, and also participates in processes such as maintaining the shape of the pollen tube, directing vesicles and organelle transport (Cai et al. 2005) . It has also been reported that the plant cytoskeleton plays an important role in modulating signal-response coupling (Staiger 2000) . The crucial role of the cytoskeleton during the rejection of incompatible pollen has been revealed in Papaver, a non-S-RNase system, which showed that F-actin cables were formed by depolymerization and subsequent formation of punctate actin foci during the SI reaction, resulting in the programmed cell death (PCD) process in pollen tubes (Bosch and Franklin Tong 2008) . In Solanaceae, the SI reaction was found to disorganize the cytoskeleton (Roldan et al. 2012) . In Pyrus pyrifolia, S-RNase can cause the disruption of tip-localized reactive oxygen species and induce the depolymerization of F-actin in incompatible pollen during the SI reaction (Liu et al. 2007 , Wang et al. 2010 .
S-RNase can be imported by pollen tubes, although the details of this process are unclear. In this work, we show that in vitro S-RNase internalization depends on the Golgi vesicle, and that MTs can regulate this process. Latrunculin A (LatA; a depolymerizing agent that affects the interaction of actin with other actin monomer-binding proteins) (Elena et al. 2013 ), oryzalin (an MT-disrupting drugs) (Morejohn et al. 1987 ) and taxol (which stabilizes MTs and promotes tubulin assembly) (Peter et al. 1979) were used to alter the construction of the pollen cell cytoskeleton in various ways. At subtoxic concentrations of drugs, cytoskeleton-disrupting agents hindered the uptake of S-RNases, enabling pollen tubes to escape S-RNase-mediated inhibition. Self-pollination experiments revealed that stabilization of MTs can promote pollen tube growth in apple, which indicates the crucial role of MTs in S-RNase transport. On the other hand, prior to release in the pollen cytoplasm, S-RNase is imported and accumulates in the pollen tube. Finally, MT depolymerization is observed following accumulation of S-RNases in the pollen cytosol and initiates the SI process. Our in vitro results contribute to knowledge of the mechanism of S-RNase internalization.
Results
Excessive amounts of S-RNase will cause pollen tube death in vitro Style crude protein (50 mg ml À1 ; extracted from self-incompatible 'Ralls Janet' apple style, S 1 S 2 ) and purified his-tagged S 2 ,-RNase were used to treat S 2 -pollen ('Megumi' apple self progeny, S 2 S 2 ). It is clear that pollen germination and pollen tube growth were both inhibited (Fig. 1A) . Western blot analysis confirmed that S-RNase functioned after it entered into the pollen tube (Fig. 1B) . Style crude protein and purified his-tagged S 1 , S 2 , S 9 -RNases were used to treat S 2 -pollen. Histagged non-S-RNase, a protein which functions as an S-RNase, was used as the negative control. With the increase in concentration of RNase, the inhibiting effects appear in both self and non-self S-RNase-treated pollen. When the concentration was reduced below 25 mg ml À1 , the inhibiting effect of non-self S-RNase (S 1 , S 9 -RNase) weakened relative to that of self S-RNase (S 2 -RNase). However, where the concentration was >25 mg ml À1 , the in vitro inhibiting effect was no longer observed in both non-self S-RNase and self S-RNase (Fig. 1C) . This suggests that excessive amounts of S-RNase, whether self or non-self, will cause pollen tube death in vitro. One possible explanation was that, at low levels, non-self S-RNase can be degraded by the SCF complex in the pollen tube. When the amount exceeds the load of the pollen tube, the inhibiting effect was also apparent in non-self S-RNase-treated pollen (Fig. 1D ).
S-RNase may accumulate in the pollen tube initially, and then dismantle the MTs In order to test whether S-RNase functions immediately after pollen tube internalization, 25 mg ml À1 his-S 2 -RNase was added into the germination medium (GM) of pollen cultured for 0, 30, 45 and 60 min. After 2 h culture, we found that the pollen tubes grew much longer if S-RNase was added at a later time ( Fig. 2A) . The pollen tube relative growth rate (the ratio of the growth rate of added S-RNase to the control pollen growth rate) was calculated, and this revealed that the inhibitory effect of S-RNase on the pollen tube was weakened if S-RNase was added later (Fig. 2B) . This indicates that the initial stage is S-RNase accumulation in the pollen tube. To test this hypothesis, we used anti-b-tublin to determine whether the MTs are altered during the S-RNase treatment. Fluorescein isothiocayanate-(FITC) labeled S 2 -RNase (25 mg ml pollen medium. The immunofluorescence analysis indicated that the MTs of the pollen tube were disrupted after S 2 -RNase treatment at 90 min (Fig. 2D) . This tells us that S 2 -RNase does not function on initial entry into the pollen tube, but a process of accumulation takes place first. The results of a Western blot analysis showed that the amount of S-RNase in the pollen tube increases initially after 25 mg ml À1 S 2 -RNase is added to the GM (0, 75, 90, 120 and 150 min), and then decreases. The green fluorescent points (FPs) of FITC-S 2 -RNase first accumulate in the pollen tube, then are distributed in the pollen cytoplasm where the material may disrupt the MTs (Fig. 2D, E ).
S-RNase release into the cytoplasm after accumulation in the pollen tube
In the degradation model of SI, S-RNase is suggested to function in the pollen tube cytoplasm, although we show here that S-RNase does not function initially, but only after a period of accumulation in the pollen tube. We designed a location experiment to test if the S-RNase can be released into the cytoplasm. FITC-S 2 -RNase (25 mg ml
À1
) was added to the medium. At the time of MT disruption (90 min culturing), we used FM4-64 as a membrane-inserted endocytic/ recycling fluorescent dye to indicate the position of the pollen tube membrane. The results showed that S-RNase accumulated in certain areas of the pollen tube, initially resembling vesicles. The time course of changes in the distribution of green FPs of FITC-S 2 -RNase indicated that S-RNases were released into the pollen tube cytoplasm (Fig. 3C) . Further, to examine S-RNase transport, a Golgi apparatus (Golgi) marker (lat52:SYP31:mCherry) was used to locate the FITC-S 2 -RNase transport process as it entered the pollen tube. The result showed that FITC-S 2 -RNases were co-localized with the Golgi marker in the pollen tube The in vitro germination of pollen treated by style crude protein or purified his-tagged S 2 -RNase. The control was placed only on germination medium (GM). The second negative control used 50 mg ml À1 his-tagged non-S-RNase, which also has RNase activity. Scale bars = 50 mm. (B) Western blot analysis of the S-RNase in the pollen tubes. The membrane protein and cytoplasm were separated by subcellular fractionation. Anti-S 2 -RNase and anti-his were used. Non-S-RNase and heated S 2 -RNase were used as a control. (C) The pollen tube length under different treatments. Different concentrations (0, 5, 10, 15, 25, 50 and 100 mg ml
) of crude protein and purified his-tagged S 2 , S 2 , S 9 -RNases were added to the GM. Non-S-RNase was used as a negative control. (D) The model of the effect of S-RNase on pollen tubes in vitro.
( Fig. 3A) . This indicated that the S-RNase internalization process probably uses the Golgi vesicle system (Fig. 3B ).
Pollen tube growth inhibition by S-RNase can be prevented by interfering with MT construction
Previous studies have found that the cytoskeleton can direct vesicle and organelle transport (Fu et al. 2005 , Emmanuelle et al. 2009 , Szymanski, 2009 ), but whether MT can influence S-RNase internalization has not yet been reported. In this study, drugs depolymerizing (LatA and oryzalin) or stabilizing (taxol) MTs or AFs were used to treat the S 2 -pollen, with S 2 -RNase added to the GM. After culturing for 2 h, we found that the germination rate and growth length of the pollen tube in the taxol-treated group were much higher than in the group in which only S 2 -RNase was added into the GM (Fig. 4B, C ). These were also higher in the LatA-and oryzalin-treated group than in the group in which only S 2 -RNase was added (Fig. 4B, 
C).
Brefeldin A (BFA), an inhibitor of post-Golgi secretion but promoting endocytic trafficking in pollen tubes, was also used to treat the pollen. In the BFA + S-RNase-treated group, the pollen tube growth was similar to that in the S 2 -RNase-treated group (Fig. 4B, C) .
To detect whether the weakening of S 2 -RNase inhibition is due to reduced internalization, we used LatA, oryzalin, BFA and taxol to treat S 2 -pollen, and then added FITC-S 2 -RNase into the GM. In the control group (no added drugs), denser green FP can be observed in the pollen tube (Fig. 4A ). In the LatA-, oryzalinand taxol-treated groups, the green FPs of FITC-S 2 -RNase were unexpectedly blocked in the pollen tube membrane, and it was difficult to observe FPs in the pollen tube (Fig. 5A) . The green FP signal in the pollen tube in the BFA-treated group was greater than that in the LatA-, oryzalin-and taxol-treated groups (Fig. 4A) . We checked the activity of S 2 -RNase after treatment with drugs, and found that the drugs did not ) added to the GM after culturing for 0 min were both negative controls. (B) The pollen tube relative growth rate. The ratio of the pollen tube growth rate after adding S 2 -RNase to the control pollen growth rate. Non-S-RNase was used as a control. A ratio closer to affect the activity of S 2 -RNase (Supplementary Table S1 ). Next 25 mg ml À1 apple style crude protein (S 2 S 2 ) was used to replace FITC-S 2 -RNase, and immunofluorescence analysis was used to detect the S 2 -RNase internalization in the taxol-treated group. S 2 -RNase antibody and FITC-labeled second antibody were used to detect the location of the S 2 -RNase in pollen tubes. The results showed that green FPs of S-RNase were dispersed in the pollen tubes (Fig. 5C) . The control group used only GM to culture pollen, with no green FPs detected (Fig. 5A) . The FP distribution differed greatly from that of the taxol + crude protein-treated group, the latter clustering by the pollen tube membrane (Fig. 5B) . To determine the nature of changes to the cytoskeleton upon treatment of pollen with these drugs (LatA, oryzalin and taxol), we used anti-b-tubulin to check the integrity of the pollen tube cytoskeleton. The results showed that MT polymers were generally arranged in a parallel formation in the pollen tube in the taxol + S 2 -RNase-treated group (Fig. 6) . Also, in the groups treated with LatA + S 2 -RNase and oryzalin + S 2 -RNase, the MT cytoskeleton depolymerizes to a lesser extent than in the group treated with S 2 -RNase only (Fig. 6 ). This result indicated that the proper construction of MTs was necessary for S-RNase internalization. At subtoxic concentrations, cytoskeleton-disrupting agents hindered the uptake of S-RNases, enabling pollen tubes to escape S-RNasemediated inhibition.
Stabilization of MTs can promote self pollen growth in the style
To verify further whether MTs assisted in transporting S-RNases, a pollination experiment was conducted. Taxol (0.1 and 1 mg ml À1 ) was used to treat self pollen prior to pollination. Untreated pollen was used as the negative control, with crosspollen used as the positive control. The styles were checked using aniline blue to stain the pollen tubes 24 h after pollination. The pollen treated with 0.1 mg ml À1 taxol grew similarly to that which was cross-pollinated, with both showing greater growth than the control (self-pollination style) (Fig. 7A-C) . However, the pollen treated with 1 mg ml À1 taxol showed almost the same result as the untreated self-pollination group (Fig. 7D) . The average pollen tube length in the 0.1 mg ml
À1
taxol group is almost identical to that of the cross-pollination style (Fig. 7E) . However, in the 1 mg ml À1 taxol-treated group, pollen tube growth was even less than that in the the untreated self-pollination group (Fig. 7E) . Further, the pollen tube apex was expanded in both the 0.1 and 1 mg ml À1 taxol-treated groups compared with the cross-pollination group (Fig. 7F-I ).
Discussion
SI is a mutual recognition process between the pollen and pistil in plants (McClure 2010) . During self-pollination, the pollen tubes are incapable of growing into the ovary to complete the fertilization process. There is a lot of evidence indicating that pollen growth inhibition is due to S-RNase secretion by the pistil . It is proposed that the pollen tube internalizes S-RNase and other nutrients from style secretions through pollen tube tip endocytosis (Luu et al. 2000 , Goldraij et al. 2006 . In Solanaceae, immunofluorescence analysis indicates S-RNase internalization and sequestration by the vacuole in the pollen tube (Goldraij et al. 2006) . Moreover, there are several other hypotheses to explain the S-RNase internalization in many SI models. In N. alata, a 120 kDa glycoprotein (120K) was found to be co-imported with S-RNase (McClure et al. 1999 , Hancock et al. 2005 . The 120K marks the boundary of a vacuolar compartment and may be involved in the S-RNase internalization process (Goldraij et al. 2006, Kumar and McClure 2010) . A pollen-specific C2 domain-containing protein (NaPCCP) has features consistent with a role in intracellular trafficking of pistil proteins in the pollen tube endomembrane system (Lee et al. 2009 ). Many reports speculate that S-RNase internalization is through the membrane vesicle system ), but there have been fewer reports on how S-RNase internalization is completed and how it functions in plants, certainly in apple.
Pollen tube internalized S-RNases non-specifically in vitro
Apple pollen was used in this study as a model to explain how the pollen tube internalized S-RNase. S-RNases were added into the GM to culture the pollen in vitro. We found that both pollen germination and pollen tube growth were inhibited by S-RNases (Fig. 1A) . As known, S-RNase is a pistilspecific protein initially synthesized in the transmitting cells of the style and then secreted into the extracellular space of the transmitting tract (Ai et al. 1990 ). S-RNase has no contact with pollen in vivo until pollen germination and pollen tube growth in the extracellular space of the pistil transmitting tract. When pollen is cultured in vitro, the S-RNase internalization process happens faster because S-RNases are immediately in contact with pollen in the culture medium. During this time, the pollen lacks basic features needed for construction such as the pollen tube (pollen tube structure is important for S-RNase compartmentalization). Thus, S-RNase may have a cytotoxic function which results in the pollen undergoing the PCD process. On the other hand, S-RNase can also inhibit pollen tube growth in vitro (Fig. 1A) . As the Western blot shows, the pollen tube can internalize S-RNase (both crude protein and his-tagged S 2 -RNase) (Fig. 1B) , which may suggest that S-RNase is compartmentalized by the pollen tubes. When the concentration of S-RNase increases, it overwhelms the tolerance of the pollen tube. S-RNase may be released into the pollen cytosol, upon which pollen tube growth is inhibited (Fig. 1C, D) . If S-RNase loses its RNase activity by heat denaturation, it is not internalized by the pollen tube. The pollen tube growing on untreated medium (A), on medium with 50 mg ml À1 style crude protein and 0.1 mg ml À1 taxol (B) and on medium treated with 50 mg ml À1 style crude protein extract alone (C). The S-RNase in the crude protein was detected by the S 2 -RNase antibody and FITC-labeled secondary antibody. The fluorescent points (FPs) show the S 2 -RNase in the pollen tubes in (B) and (C). Scale bars in (A-C), 10 mm. (D) Statistical analysis of the position of the FPs in the control (untreated), 50 mg ml À1 crude protein-treated or crude protein + 0.1 mg ml À1 taxol-treated pollen tubes. 
An intact and dynamic cytoskeleton of the pollen tube is essential for S-RNase internalization
Pollen tip growth is supported by the cytoskeleton, and performs specific functions in different regions of the pollen tube (Ren and Xiang 2007 , Cheung and Wu 2008 , Fu 2010 . Two main components of the cytoskeleton are AFs and MTs. At the molecular level, actin acts as a target and effector of the SI signaling network (Poulter et al. 2010 ). AFs and MTs usually co-localize in plant cells (Collings et al. 1998 ). Many of the biological processes involving the cytoskeleton depend on the coordination of both AF and MT in the plant cell (Fu et al. 2005 , Crowell et al. 2009 ). In order to detect the changes that the cytoskeleton undergoes during S-RNase treatment of the pollen tube, we used anti-b-tubulin. The results indicated that the cytoskeleton of the pollen tube is disrupted by S-RNase 90 min after treatment (Fig. 2D) . We then used inhibitors (subtoxic concentrations of LatA, oryzalin and taxol) to alter cytoskeleton construction and discovered that the process of pollen tube internalization of S-RNase was blocked (Fig. 4) . This demonstrated that an intact and dynamic cytoskeleton in the pollen tube was essential for S-RNase internalization.
Golgi vesicles participate in the process of S-RNase internalization
In the compartmentalization model, a compatible (non-self) pollen tube sequestrates all S-RNases (both self and non-self) (Goldraij et al. 2006 , McClure 2006 , although the details of this process are unclear. In this study, we used an in vitro system to simulate this process. FITC-labeled S 2 -RNase was added into the pollen tube culture medium with a marker to label the Golgi vesicles. The results demonstrated that the Golgi vesicles participate in the process of internalizing S-RNase (Fig. 3A) . Time-lapse experiments indicated that S-RNase is released into the cytosol at the end of the compartmentalization process (Fig. 3C) . In plants, the Golgi functions as a central hub for three trafficking pathways: the secretory pathway; the vacuolar trafficking pathway; and the endocytic pathway (Shirakawa et al. 2014 ). In the SI system, S-RNase may depend on the vacuolar trafficking pathway in transportation. Also it will be a useful clue in the study of the S-RNase-mediated SI system. As we know, when S-RNases are released into the pollen tube cytosol, they are actively cytotoxic and destroy the self pollen tube RNAs (McClure 2006) . In this study, we discovered that the pollen tube cytoskeleton was disrupted after compartmentalized S-RNase was released into the cytosol in apple (Fig. 2D ).
Subthreshold concentrations of taxol weaken self-incompatibility in treated pistils
In this study, pollination experiments (using 'Ralls Janet' apple) were used to detect whether inhibiting the import of S-RNase by the pollen tube can affect SI. Depending on the S-RNase internalization experiment, LatA and oryzalin were found to influence greatly the growth of pollen tubes. Thus we selected taxol for treatment of the pistil. A subthreshold concentration (0.1 mg ml
À1
) and a high concentration (1 mg ml À1 ) of taxol were used. In the treated pistil, the self-incompatible pollen tubes grew almost to lengths achieved by compatible pollen tubes (subthreshold concentrations of taxol) (Fig. 7) . These results indicated that the subthreshold concentrations of taxol weaken SI in treated pistils. We speculate that taxol can affect the intact and dynamic cytoskeleton of the pollen tube internalizing S-RNase. It is apparent that the morphology of the pollen tube tips was altered by the taxol treatments (Fig. 7) . This suggests that cytoskeleton antagonists can prevent S-RNase-mediated inhibition of pollen tubes in vivo by blocking S-RNase internalization (Fig. 8) . This is also useful evidence to study the connection between the SI phenomenon and the pollen tube cytoskeleton.
Materials and Methods

Plant materials
Self-incompatible 'Ralls Janet' apple (S 1 S 2 ) and 'Megumi' apple self-progeny (S 2 S 2 ) were used in each section of this work.
Preparation of style crude protein extract
The method of preparing style crude protein extract was as described by Dought et al. (1998) . All extraction procedures were conducted in the presence of protease inhibitors (10 mg ml À1 leupeptin, 1 mM phenylmethylsulfonyl fluoride, 1 mg ml À1 pepstatin A and 10 mg ml À1 aprotinin) on ice, unless stated otherwise, and all samples were stored at À80 C. Style crude protein extracts were obtained by homogenizing 25 stigmas in 5 ml of extraction buffer (50 mM potassium phosphate, pH 7.0, and 1% Triton X-100). The homogenate was then centrifuged at 4,000Âg for 10 min to remove cellular debris.
Purification the his-tagged S 2 -RNase and his-tagged non-S-RNase
The S 1 -RNase, S 2 -RNase and non-S-RNase genes were cloned into the his-tagged vector pEASY-E1 (Transgen) and expressed as a his-tagged fusion protein in cells of Escherichia coli strain BL21 Rosetta (DE3). Then the cells were grown at 37 C in LB medium containing 50 mg ml À1 ampicillin with shaking at 250 r.p.m. Next 0.2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) was added to induce protein expression when the OD 600 of the cell suspension reached 0.5. The cell suspension was incubated at 23 C for 12-16 h. Finally, the his-tagged fusion protein was purified using Ni-NTA His Binding resin (Novagen,) as described previously (Instruction book of Ni-NTA His Bind Resins). The antibody of S 2 -RNase was prepared by the company CWBIO in China.
Pollen culture and S-RNase inhibition analysis
After 15 min of hydration, the pollen was cultured in liquid GM. The GM contained: 0.01% H 3 BO 3 , 0.015% CaCl 2 and 10% sugar, pH 5.8. Next we added his-S-RNase at 0, 30, 45 and 60 min after hydration. The pollen was incubated in a dark humid environment at 22
C for 2 h. RNase I was used as the negative control. The images of pollen tube growth and pollen grain germination were taken with an Olymbus BX51 microscope. Three replications were carried out with 50 randomly selected pollen grains for measurement of the length of pollen tubes.
Analysis of S-RNase inhibition by concentration
After 15 min of hydration, the pollen was cultured in GM with 25, 50 and 100 mg ml À1 his-S-RNase or style crude protein added. After culturing in a dark humid environment at 22 C Fig. 8 The pollen tube cytoskeleton controls the S-RNase internalization process. S-RNase internalization was dependent on vesicles. The vesicles released from the Golgi apparatus envelop the S-RNase on the pollen tube membrane. They transport the actin filament and microtubule with the help of kinesin, and may deliver them to the vacuole. When accumulated to a certain level, the S-RNase is released to the cytoplasm where it functions. The MT and actin depolymerize. LatA and oryzalin can influence the actin or MT, and BFA can influence vesicle transport. BFA can also influence S-RNase transport. Taxol can stabilize the MT and also influences S-RNase transport from actin to the MT.
for 2 h, the images of pollen tube growth and pollen grain germination were taken as before. Three replications were carried out with 50 randomly selected pollen grains for measurement of the length of pollen tubes.
Labeling of S 2 -RNase protein with fluorescein isothiocyanate
The methods used were according to Chou et al. (2006) . FITClabeled S 2 -RNase protein (FITC-S 2 -RNase) was prepared by incubating purified his-tagged S 2 -RNase protein (5 mg ml À1 ) with FITC (5 mg ml À1 ) in sodium bicarbonate buffer (200 mM), pH 9.0, for a period of 24 h at 4 C. Unconjugated FITC was removed by gel filtration on a PD-10 column (Amersham). Labeled protein was stored in the buffer containing 1% bovine serum albumin (BSA), 0.02% NaN 3 and 50% glycerin, and kept at À20 C before use (preparation by Beijing Biosynthesis Biotechnology, China).
Pollen protein extraction and Western blot analysis
After incubating with S-RNase, germinated pollen was collected with 25 mm filtration through Miracloth membranes. The pollen was washed twice with wash buffer (50 mM PIPES, pH 6.9, 2 mM EGTA, 2 mM MgCl 2 and 10% sucrose) and then lysed on ice using a grinding kit (GE Healthcare) in cold lysis buffer [50 mM PIPES, pH 6.9, 2 mM EGTA, 2 mM MgCl 2 , 2 mM dithiothreitol (DTT) and protease inhibitor cocktail]. SDS-PAGE was carried out as described by Laemmli (1970) using 10% acrylamide gels. Western blotting was performed according to standard methods. S-RNase antibody (1 : 3,000) was used as primary antibody, and horseradish peroxidase-(HRP) conjugated anti-rat antibody as secondary antibody (CWbiotech). An eECL Western Blot Kit (CWbiotech) was employed to detect the signals according to the manufacturer's instructions.
S-RNase activity analysis
RNase activity was measured with torula yeast RNA as the substrate. The reaction buffer (490 ml) of 0.1 M imidazolehydrochloric acid (HCl) (pH 7.0), containing 0.1 M KCl and 2 mg of RNA, was incubated at 37 C for 10 min. The enzyme solution (10 ml) was then added, and the reaction was incubated at 37 C. After 20 min, 100 ml of stop solution [25% perchloric acid, 0.75% (w/v) lanthanum acetate] were added. After 30 min of incubation on ice, the solution was centrifuged at 14,000Âg for 5 min. The absorbance of the supernatant at 260 nm was measured with a Hitachi U-2000 spectrophotometer. One unit of RNase activity was designated as the amount of RNase which gave an increase in absorbance of 1 at 260 nm, in 1 min of reaction time (Norioka et al. 2007 ).
S-RNase internalization co-localization analysis
The Golgi marker (35S:SYP31:mCherry) was used to transform the pollen by particle bombardment. A 1 mg aliquot of recombinant plasmid was mixed with 4 ml of spermidine (0.1 M), 10 ml of CaCl 2 (2.5 M) and 6 ml of standard concentration gold (BioRad). The parameters of bombardment were as follows: 1,300 p.s.i. rupture disc, 29 mm Hg vacuum, 1 cm gap distance and 9 cm particle flight distance. The transformed pollen grains were subsequently cultured in the dark for 1 h and then FITC-S 2 -RNase was added to the GM. After culturing for 30 min, an Olympus BX61 FV1000 confocal microscope was used to observe the co-localization. A Â100 objective was used for imaging. All images were recorded using a stepper motor to make a Z-series.
In vitro pollen germination analysis
LatA, oryzalin or taxol were used to alter the MT or AF structure in the pollen tubes. BFA was used to inhibit vesicle transport. S 2 -RNase was expressed and purified by his-tagging. Apple 'Megumi' self-progeny pollen (S 2 ) were hydrated on six GM plates for 15 min, and then each of the plates was treated with each of the following (subtoxic concentrations of drugs): 2 Â 10 À3 mg ml À1 LatA, LatA + S-RNase, 0.01 mg ml À1 oryzalin, oryzalin + S 2 -RNase, 0.5 mg ml À1 BFA, BFA + S 2 -RNase, 0.1 mg ml À1 taxol and taxol + S 2 -RNase (the concentration of S-RNase was 50 mg ml
À1
). Pollen cultured in the GM or treated with RNase I was used as the control. Pollen treated with S-RNase was used as the negative control. The above treated pollen grains were kept at 25 C for 2 h and 50 pollen grains were picked randomly for measurement of the length of pollen tubes (three replications with 50 pollen grains). The pollen germination rate was calculated after culture for 2 h. Imaging of pollen was carried out using light microscopy.
MT and S-RNase double immunofluorescent staining
Pollen were cultured in GM containing 25 mg ml À1 his-S 2 -RNase. After culturing for 75, 90, 120 and 150 min, pollen tubes were incubated in fixing solution (4% formaldehyde, 10% sucrose, 50 mM PIPES, 5 mM MgSO 4 , 0.5 mM CaCl 2 , pH 7.0) and evacuated at 1 h. Pollen tubes were rinsed twice with PEM buffer (50 mM PIPES, 5 mM EGTA, 1 mM MgCl 2 pH 7.0) and treated for 5 min with 2% (w/v) cellulysin (Yakult Pharmaceutical) to digest the cell wall partially. After rinsing twice with PEM buffer, pollen tubes were treated with methanol at À20 C for 3 min and rinsed twice with Tris-buffered saline (TBS; 20 mM Tris, 150 mM NaCl, pH 7.5). They were incubated with the anti-S 2 -RNase (Rabbit Antigens) diluted 1 : 200 in TBS for 2 h, and then rinsed twice again with TBS. They were then incubated overnight with the anti-b-tubulin primary monoclonal antibody (Mouse Antigens, Sigma Aldrich) diluted 1 : 200 in TBS and, after two rinses with TBS, samples were incubated for 2 h with a mixture tetramethylrhodamine isothiocyanate-(TRITC) conjugated goat anti-mouse IgG (Invitrogen) and FITC-conjugated goat anti-rabbit IgG (Invitrogen) diluted 1 : 200 in TBS. Samples were finally rinsed with TBS. Optical sections (0.5 mm) and three-dimensional projections of specimens were obtained with the Olympus BX61 FV1000 confocal microscope. A Â100 objective was used for imaging. All images were recorded using a stepper motor to make a Z-series. )-4-(p-di-ethyl-aminophenyl-hexatri-enyl) pyridinium dibromide; Invitrogen] was dissolved in dimethylsulfoxide (DMSO) to a concentration of 1 mM and then diluted to 200 mM final concentration with distilled water. Pollen was germinated as reported in the previous section. FITC-S-RNase was added into the GM after culturing for 30 min. After 150 min culture, pollen tubes were incubated with 1 mM FM4-64 for 5 min. After rinsing the dye, confocal images of pollen tubes were taken after 1, 2, 3, 4, 5 and 6 min using an Olympus BX61 confocal microscope. FM4-64 and S-RNase signals were imaged using a Â100 oil immersion objective.
Fluorescent Probes and S-RNase release analysis
Labeling of cytoskeletonin pollen tubes
After the treatment with LatA, oryzalin or taxol, the pollen tubes were fixed by PBS (phosphate-buffered saline) buffer with 50 mM PIPES, 4% paraformaldehyde, 10% sucrose and 0.1% Triton (pH 6.8) for 1 h. Then they were washed three times for 5 min each by 50 mM PIPES buffer (pH 6.8). To label the MTs of pollen tubes, they were then incubated overnight with the anti-b-tubulin primary monoclonal antibody (Mouse Antigens, Sigma Aldrich) diluted 1 : 200 in TBS and, after two rinses with TBS, samples were incubated for 2 h with a mixture of TRITC-conjugated goat anti-mouse IgG (Invitrogen). The stained pollen tubes were observed with an Olympus BX61 confocal microscope.
Aniline blue staining assay
After fixation with PBS containing 4% paraformaldehyde and 0.1% Triton X-100, the styles were washed with distilled water three times for 5 min each, and then treated with 90, 70 and 40% ethanol for 20 min each in this order. After being washed with water, they were incubated in 8 M NaOH softening solution overnight. The following day, pistils were washed in distilled water three times for 20 min each, then stained in 0.1% aniline blue (0.1% K 3 PO 4 buffer, pH 12.4) overnight (8-12 h) in the absence of light. Pollen tubes in the style were visualized with an Olympus BX61 confocal microscope (Shimizu and Okada. 2000) .
Immunolocalization in apple pollen tubes
After being treated by 'Megumi' apple style crude protein extract or crude protein + taxol for about 1 h, the pollen tubes were fixed by PBS buffer with 4% paraformaldehyde, 10% sucrose and 0.1% Triton (pH 6.8) for 1 h. Then they were washed with PBS three times for 5 min each. After being washed, cell walls of pollen tubes were digested by addition of 1% (w/v) cellulose, 0.4% macerozyme and 0.5% (w/v) pectinase in PEM buffer (50 mM PIPES, 2 mM MgCl 2 and 2 mM EGTA) for 30 min at 37 C in order to facilitate penetration of antibodies. Samples were then attached to glass coverslips that contain polylysine. Then they were blocked in 10% (v/v) BSA for 1 h. After blocking, they were incubated with S 2 -RNase antibodies (1 : 100) for 3 h at room temperature, then washed three times for 5 min each using PBS. FITC-conjugated goat anti-rabbit IgG antibody (1 : 20) was used to incubate the samples for 1 h. Finally, they were washed three times for 5 min each in PBS, covered with a drop of 10% (v/v) glycerol in PBS and observed with an Olympus BX61 confocal microscope.
Sequence data from this article can be found in the GenBank/NCBI data libraries under the following accession numbers: S 1 -RNase, GI:1018986; S 2 -RNase, GI:643444.
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